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(54) A sensor and a method for measuring distances to", and/or physical properties of,a medium 



(57) A sensor for sensing the distances to a medium 
and/or the physical properties thereof, including a hous- 
ing, at least one pair of optical fibers, each having an 
input end portion and an output end portion, the input 
end portion of a first fiber being connectable to a source 
of light and the output end portion of a second fiber being 
connectabte to a light intensity measuring device. The 
sensor further includes the input and output end por- 
tions, wherein each of the output portion of the first fiber 
and input end portion of the second fiber has an axis 



and a rim, the rim being cut at an angle 0 with respect 
to the axis and being aftixedly located in a plane at least 
in proximity to, and facing, each other, so as to include 
an angle a between the axes thereof. The arrangement 
is such that, upon operation, the light emerging from the 
output end portion of the first fiber impinges on a surface 
of a medium, at an angle of incidence p, and wherein p 
= /(rx t 0). A method of at least indirectly measuring dis- 
tances to, and/or physical properties of a medium, is al- 
so provided. 
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Description 

The present invention relates to sensors and a method ot measuring distances to, and/or physical properties of 
a medium. More particularly, the present invention relates to fiber optic sensors and to methods utilizing such sensors 
s for a vast range of measurements. 

The term "measurement of distances to, and/or physical properties of, a medium", as used herein, is intended to 
encompass the performance of measurements or the sensing of micromovements, which can be utilized to construct 
e.g., microphones, hydrophones, accelerometers, pressure/vacuum gauges, temperature sensors, sensors measuring 
thickness of microcoatmgs surface characteristics of silicon wafers, and the like. 
io More than twenty years have passed since optical fibres were first used in physics, measurements and industry. 

They allow for the possibility of implementing very simple and effective optical measuring methods in a wide range of 
relatively new technical fields, such as microelectronics, micromechanics and high accuracy measurements to other 
fields of industry, cars, building etc. 

AH different methods and devices for fiber optical measurements may be grouped into the following categories of 
rs measurements: amplitude, interference phase, polarization and Doppler measurements. 

It is assumed that interference phase, polarization and Doppler methods are characterized by very high measure- 
ment accuracy, which in some very unique devices may be up to several one/hundreds of the light wave length The 
disadvantage of these methods is their very high complexity and as a result thereof, the high cost of such measuring 
devices based on these principles, making them rather unique to be used widely in industry and in everyday life The 
20 devices measuring amplitude are, on the other hand, very simple. 

Sensing devices, utilized as a microphone, comprising two optical fibers affixed at a certain angle to each other 
and distant from a membrane are known. The input fiber transmits light energy onto the membrane, while the output 
fiber transmits the light reflected from the membrane out of the microphone. The problem with this construction is the 
demand that both the input and output fib^r^Jo^accuraiely_placed inJbe_same.planeand-perpendicular tathe 
plane of-the -membrane. Even the smallest deviation therefrom leads to a substantial decrease in the microphone 
sensitivity. ^ 

Others have tried to use a construction of a multiplicity of optical fibers collected into a parallel bundle disposed 
perpendicularly to a microphone membrane. In this construction, half of fibers are used to transmit light onto the mem- 
brane while the other half are used to collect the reflected light and transmit same out of the microphone This con- 
struction does not requ.re as strict a fiber orientation as the previous one, however, it does require a substantial number 
of fibers and this involves tedious precision work for preparing, processing and polishing same Therefore such a 
construction of a m.crophone is very complex, costly and ineffective, as the sensitivity thereof is less than 0 01% per 
micron of membrane movement. 

It is therefore a broad object of the present invention to provide a relatively non-complex fiber optic sensor adapted 
to be utilized ,n conjunction with a medium, the distances and/or physical properties of which are to be measured 

It is a further broad object of the present invention to provide methods of calculating variations in distances and/or 
physical properties of a medium utilizing fiber optic sensors structured in accordance with certain principles 

According to the present invention there is therefore provided a sensor for sensing the distances to a medium 
and/or the physical properties thereof, comprising a housing, at least one pair of optical fibers, each having an input 
end portion and an output end portion; the input end portion of a first fiber being connectable to a source of light and 
the output end portion of a second fiber being connectable to light intensity measuring means, a sensor head including 
said input and output end portions, wherein each of the output portion of said first fiber and input end portion of said 
second fiber having an axis and a rim, said rim being cut at an angle G with respect to said axis and being affixedly 
located in a plane at least in proximity to, and facing each other, so as to include an angle a between the axes thereof 
the arrangement be.ng such that, upon operation, the light emerging from the output end portion of said first fiber 
impinges on a surface of a medium, at an angle of incidence p, and wherein p = /(a 0) 

The invention further provides a method of at least indirectly measuring distances to, and/or physical properties 
of, a medium, comprising providing a housing, at least one pair of optical fibers, each having an input end portion and 
an output end portion, the input end portion of a first fiber being connected to a source of light and the output end 
portion of a second fiber being connected to light intensity measuring means, a sensor head, including said input and 
output end portions, wherein each of the output portion of said first fiber and input end portion of said second fiber 
having an axis and a rim, said rim being cut at an angle e with respect to said axis and being affixedly located in a 
plane at least in proximity to, and facing each other, so as to include an angle a between the axes thereof affixing a 
medium, the distances to, and/or physical properties of, which are to be measured in proximity to said sensor head 
illuminating said medium with light and measuring the intensity of the reflected light, and calculating the distances as 
a function of the output light intensity I by the formula: 

L = A 0 tgp/(H n l 0 /l 
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l p is the input light intensity; 

A Q is a coefficient of proportionality; 

L is the distance between the sensor's head and said medium; 

P is the angle of incidence, p = /(ct,0), and 

$ is the diameter of the fibers. 

The invention will now be described in connection with certain preferred embodiments with reference to the fol- 
lowing illustrative figures so that it may be more fully understood. 

With specific reference now to the figures in detail, it is stressed that the particulars shown are by way of example 
and for purposes of illustrative discussion of the preferred embodiments of the present invention only and are presented 
in the cause of providing what is believed to be the most useful and readily understood description of the principles 
and conceptual aspects of the invention. In this regard, no attempt is made to show structural details of the invention 
in more detail than is necessary for a fundamental understanding of the invention, the description taken with the draw- 
ings making apparent to those skilled in the art how the several forms of the invention may be embodied in practice. 

In the drawings: 

Fig. 1 is a schematic partly cross-sectional view of a sensor structured in accordance with a first embodiment of 
the present invention; 

Fig. 2 is a side view of a first embodiment of a sensor head utilizable in the sensor of Fig. 1 ; 

Fig^-is-a^ide-view^f-a^econd-embodiment-o^ 

Fig. 4 are characteristic curves showing variations in light intensity for different angles of incidence; 
Fig. 5 is a side and partial cross-sectional view of a sensor head and a shaped medium; 

Fig. 6 are characteristic curves showing dependence of sensor's sensitivity on angle of incidence for a medium of 
Fig. Si- 
Fig 7 is a cross-sectional view of a sensor according to the present invention, as utilized as a hydrophone; 
Fig. 8 is a cross-sectional view of a sensor according to the present invention, as utilized as an accelerometer, and 
Fig. 9 is a cross-sectional view of a sensor showing a further embodiment as can be utilized as an accelerometer. 

There is shown in Figs. 1 to 3 a sensor according to the present invention, comprising a housing 2 accommodating 
a sensor head 4 including a base 6 serving to mount a pair of optical fibers 8 and 10. The fiber 8 has an output end 
portion 12 and is connectable at its other end to a light source 14, while the fiber 10 has an input end portion 16 and 
is connectable at its other end to a light intensity sensing means 1B which, in turn is connectable to a measuring/cal- 
culating unit 20. 

As shown in greater detail in Figs. 2 and 3, the base 6 of the sensor head may be constituted by any rigid or semi- 
rigid material affixable inside the housing 2, in which there are formed two suitable throughgoing holes 22, 24, each 
sized to hold, by pressure fit or otherwise, a single optical fiber The direction of the axes of the holes 22, 24 are such 
that the end portions 12 and 14 are affixedly located at least in proximity to each other or touch each other at the rims 
26, 27 thereof (see Fig. 2), as well as interface. The interfacing between the end portions should form an angle a 
between the traversing axis of the fibers. In cases where the end portions of the fibers do not touch . each other, the " 
gap separating the end portions should be less than a quarter of the diameter of the fiber. 

Alternatively, for reasons which will become more apparent hereinafter, the rims 26, 27 of the end portions 12 and 
16 of the fibers may be cut at an angle 8 with respect to the axis of the fibers as shown in Fig. 3. Obviously, a single 
housing 2 may accommodate more than one pair of fibers, whether mounted on a single base or on separate bases. 
Similarly, a single light source or a plurality of light sources may be used for one sensor 

Further seen in Fig. 1 is a medium 28, e.g., a membrane, stretched across the housing 2 close to the end portions 
12 and 14 of the fiber, the distances to, and/or physical properties of, which are to be measured by the sensor. The 
distance between the sensor's head 4 to the surface of a measured medium 28 and the angles a and 0 will determine 
the angle of incidence p. Instead of moving the entire head with respect to the surface of a medium, in order to change 
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the angle of incidence p, it is sufficient to slide the fibers 8 and 10 inside the holes 22 and 24, respectively, so that the 
tips thereof will assume a closer or further position with respect to the medium. 

The equation that connects the output light signal intensity I with the change of measurement distance L and the 
angle of incidence p is: 

l*l 0 exp[-L/A 0 tgp/« (1) 

where: 



l 0 is the input light intensity; 
A 0 is a proportional coefficient; 

L is the distance from optical fibers to a medium to be measured; 

p is an incidence angle, p = /(a,0) where a is an angle between the axes of the optical fibers, and 0 is an angle 

at which the rims of the end portions of the fibers are cut, and 
<j) is the diameter of the optical fibers. 

The relative change of the output light for every distance from a medium for a unit distance is given by the equation: 

l/l 0 /AL = 5i p| /AL = [1 - <t>/A 0 tgP]exp[ -L7A 0 tgp/<t)] (2) 

where: AL is a measurement of a distance change. 

The relative change thus depends on incident angle p and on optical fiber diameter (j> only. 
Fig. 4 shows this dependency for different incident angles from p = 30° to p = 60°. 

As is understood, the configuration of the ends of the fibers 12 and 16 (see Figs. 2 and 3) will also affect the angle 
of incidence p. 

~ _-4nxases-oUow4requenoy-measufeme^ 

sensors and the like, or in cases of construction of high stability calibrated sensors, a high stability output signal that 
will not depend on temperature change of output intensity of the light source and on the light detector, is required. To 
diminish this dependency, an ouput signal of a second pair of optical fibers can be used as a reference signal to 
normalize the output signal of the first pair of optical fibers. In this case, the second pair of fibers is focused on another 
point of the medium to be measured. The first pair is focused on a point on the surface of the medium, so as to obtain 
the highest signal sensitivity - see point B on the characteristic curves of Fig. 4. The second pair is focused on a point 
on the medium surface so as to provide a higher output signal - see Point A on the characteristic curves of Fig. 4. Since 
at Point A sensitivity of the sensor is very poor, the output signal of the second pair will cause only a very small change 
if the distance to the medium is changed. At the same time the output signal at Point A will change drastically when 
the input signal changes. 

As further seen in Fig. 4, at Points B, the sensitivity of a sensor is the highest and every change of a distance 
results most effectively in a change of an output of the first pair. A change in the output signal will be proportional to 
the change of the input light intensity as well. Thus, the relationship between the output signals l B and l A wilt give an 
absolute value of the measured distance in accordance with equation (2) that would not depend on temperature, optical 
fiber line length and other factors. 

There is another possible manner to raise the sensor's sensitivity. If a medium, e.g., a membrane, has a spherical 
surface (See Fig. 5), the equation (2) will be in the form: 

6l sp /AL = 6l p ,/AL[1 + 2(j)/r-cos 2 p] (3) 



where: 8L p /AL is given by equation (2), and 
r is the radius of the spherical surface. 

Fig. 6 shows the last relationship in the event that 2$/r=1 for different incident angles from p = 30° to p = 60°. 
Dashed lines of the curves represent dependencies when r = °° (a planar membrane). 

One can see that in the case of a spherical membrane, when the radius of the sphere is substantially the same 
as the diameter of the optical fiber, sensor sensitivity will grow very fast with an increase in the incident angle. This 
enables increasing the sensor's sensitivity by more than ten times. 

The embodiment of Fig. 1 is utilizable as a microphone, the sensitivity of which can be increased by employing a 
membrane shaped as shown in Fig. 5. 

When the sensor of the present invention is to be utilized as a hydrophone, a device as shown in Fig. 7 is used. 
In this case, the housing 2 has an opening 30 and is filled with liquid 32. A diaphragm 34 disposed above the liquid 
prevents the liquid from flowing out of the opening 30. Suspended in the liquid 32, above the sensor head 4, is a small 
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capillary tube 36^confining a gas 3B, e.g., air, having a small spherical surface 40 adjacent to the sensor head 4. 
Changes in pressure applied on the membrane 34 will cause movements in the surface 40, which movements will be 
detected or sensed and measured by the sensor. 

In Fig. 8 there is illustrated a sensor used as an accelerometer. Inside the housing there is rotationally hinged a 
s disk 42 having in the center thereof an inertia! body, e.g, a ball 44, made of relatively heavy material, such as metal. 
The surface of the ball acts as a spherical surface upon which the light from head 4 is impinged. Instead of a disk 42, 
the ball 44 may be disposed inside the housing by a spring. 

A modification of the accelerometer of Fig. 8 is illustrated in Fig. 9. Here, the medium to be measured is a small 
drop of mercury 46, which, due to its properties, provides a highly sensitive surface resulting in a sensitive sensor. 
10 it will be evident to those skilled in the art that the invention is not limited to the details of the foregoing illustrated 

embodiments and that the present invention may be embodied in other specific forms without departing from the spirit 
or essential attributes thereof. The present embodiments are therefore to be considered in all respects as illustrative 
and not restrictive, the scope of the invention being indicated by the appended claims rather than by the foregoing 
description, and all changes which come within the meaning and range of equivalency of the claims are therefore 
15 intended to be embraced therein. 

Claims 

20 1. A sensor for sensing the distances to a medium and/or the physical properties thereof, comprising: 
a housing: 

at least one pair of optical fibers, each having an input end portion and an output end portion; 

: the input end portion of a first fiber bein g c onnectable to a s ource of lig ht and the output end po r tion of a 

25 second fiber being connectable to light intensity measuring means; 

a sensor head, including said input and output end portions, wherein each of the output portion of said first 
fiber and input end portion of said second fiber having an axis and a rim, said rim being cut at an angle 0 with 
respect to said axis and being affixedly located in a plane at least in proximity to, and facing, each other, so 
as to include an angle a between the axes thereof, 
so the arrangement being such that, upon operation, the light emerging from the output end portion of said first 

fiber impinges on a surface of a medium, at an angle of incidence p, and wherein (3 = /(«,©). 

2. The sensor as claimed in claim 1 , wherein the output end of said first fiber and the input end of said second fiber 
are mounted inside said housing with their rims touching each other. 

35 

3. The sensor as claimed in claim 2, wherein the output end of said first fiber and the input end of said second fiber 
are mounted inside said housing at a distance from said surface, which distance is less than a quarter of their 
diameter. 

40 4. The sensor as claimed in claim 1, further comprising a medium, said medium being at least indirectly engaged 
with said housing and having a surface directed towards said sensor head. 

5. The sensor as claimed in claim 4, wherein said surface is planar or spherical. 

45 6. The sensor as claimed in claim 1 , wherein said medium is a flexible membrane. 

7. The sensor as claimed in claim 1 , wherein said medium is a rigid or semi-rigid body. 

8. The sensor as claimed in claim 7, wherein said rigid or semi-rigid body is loaded in order to increase the inertia! 
so properties thereof. 

9. The sensor as claimed in claim 1 , wherein said medium is a gas bubble disposed in a liquid. 

10. The sensor as claimed in claim 1 , wherein said medium is a body of a known thermal coefficient. 

11. The sensor as claimed in claim 1 , wherein said medium is a drop of liquid. 

12. The sensor as claimed in claim 11 , wherein said drop of liquid is disposed in a capilliary tube. 
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13. The sensor as claimed in claim 1, wherein said medium is a body the configuration of which changes under the 
influence of a force applied thereon. 

14. The sensor as claimed in claim 1 , wherein said housing is a sealed housing preventing light and fluid from entering 
thereinto or exiting therefrom. 

15. The sensor as claimed in claim 1 , wherein said housing is provided with a port leading to the outside, the housing 
being at least partly filled with fluid and means are provided to prevent said fluid from exiting said port. 

16. A method of at least indirectly measuring distances to, and/or physical properties of, a medium, comprising: 

providing a housing, at least one pair of optical fibers, each having an input end portion and an output end 
portion, the input end portion of a first fiber being connected to a source of light and the output end portion of 
a second fiber being connected to light intensity measuring means, and a sensor head, including said input 
and output end portions, wherein each of the output portion of said first fiber and input end portion of said 
second fiber having an axis and a rim, said rim being cut at an angle 0 with respect to said axis and being 
affixedly located in a plane at least in proximity to, and facing, each other, so as to include an angle a between 
the axes thereof, 

affixing a medium, the distances to, and/or physical properties of, which are to be measured in proximity to 
said sensor head; 

illuminating said medium with light and measuring the intensity of the reflected light, and 
calculating the distances as a function of the output light intensity I by the formula: 



l Q is the input light intensity; 

A 0 is a coefficient of proportionality; 

L is the distance between the sensor's head and said medium: 

(5 is the angle of incidence, p = /(ct,0) ; and 

0 is the diameter of the fibers. 

17. The method as claimed in claim 16, further comprising calculating the absolute value of said distances, by the 
formula: 



18. The method as claimed in claim 16, further comprising calculating the relative change or absolute distance L 
between said sensor head and a medium having a spherical surface, by the formula: 



L = A 0 tgp/(H n l o /! 



wherein: 



\/\ 0 /M = 6i p| /AL = [1 - 4/A 0 tgp]exp[ -L/A.tgp/*]. 



8l sp ML= 5l p| /AL[1 + 2(t)/rcos 2 p] 



wherein: r is the radius of the spherical surface. 
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